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. FOREWORD,

This report is Volume I of a series of reports on sound propagation
m sound absorbent ducts with a superimposed air stream prepared by
Gottmgen University, Gottmgen, Germany, for the Bioacousties Branch,
6570th Aerospace Medical Research Laboratories, Aerospace Medical
Division, - under Contract AF 61(052)112. The work was performed'
under Project 7231, "Biomechanics of Aerospace Operations,” Task
723104, ""Biodynamic Environments of Aerospace Flight Operations. "
Principal Investigators for Gottingen University were Dr. Erwin Meyer
and Dr. Fridolin Mechel. Technical and administrative pgrsonnei
monitoring this effort have included Dr. H. von Gierke, Capt. W. Elrqod,
R. G. Towell, and J. N. Cole.

Initial research on this investigation commenced in June 1958.



. 'ABSTRACT ) ‘ .

This report, Volume I, discusses the possible effects of flow on-.
airborne sound attenvation in ducts. The theoretical part results in a -
simple attenuation fcrmula which considers the following: g¢hange of
- the waveléngth due to convection of the sound field, change of the
sound pressure at the wall caused by the flow profile, change of the
" characteristic absorber properties by nonlinear effects, and sound
scattering by vortices. With porous absorbers another effect 1s
caused by the different gurvature of the phase plane at the boundary
of the absorber. Measurements with a porous absorber and with
damped Helmholtz resonators show reduction of the attenuation for
sound propagation in the direction of the flow and an increase of the
attenuation for sound propagation against the flow. With the help of
pseudo-sound in flogw and of partial waves in ducts with a periodic
boundary structure, the sound amplification found in ducts coated
with reactive absorbers can be explained by analogy to traveliag
wave tube amplification phenomena. This analogy was confirmed by -
measurenents on resonant absorbers.

PUBLICATION REVIEW

This technical documentary report has been reviewed and is
approved.

OsS. M QUASHNOCK
Colenel, USAF, MC
Chief, Biomedical Laboratory
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List of Symbols. so o
° .
p pressure ° -
v p;rtiuie velieity -
I sound intensity . . T S s
N _sound p8wer ‘ R
J nass flow density R \ e
n energy flew density .. ° ‘V},g' E
?n particle velocity ncrmal to- Wall |
L \ wall admittante,
Vv, V flcw velcoity
u ‘phasq_velocity
o adiabatic velocity of sound
M ~ V/o Mach number
o= (1 - M2)-1/2
w radiant frequency
£ frequency
A wavelsngth
k » w/c wave numbdber
8 » w/u phacze constant
a attenuation per unit lerngth
a’ attenuation per wavelength
£, resonance frequency
m vibrating mass of a resonator .
9 density of eir ﬁ |
h effgctive heizht of duct o
L length of period of duct wall
n partial wave index
An amplitude of n-th partial wave
o porasity of absorber
r flow reslstance of absorbery vortex radius
R - r/up :
£ ratle of air densities inside and cutside’ of perous

material



T angle between wave front and absorber surface
A constan¥v
F field quantity
-y = . .
J =7-% ,
z coordinate in flow direction in. stationary
coordinate system
X, ¥ cocrdinates rnormal to z
x'.y'. 2" t° transformed cocrdinate system R -
Y nabla operator . RIS
o Laplacian operator
D p Laplacian operator ir the coordirates transvarsa

o 'l -~ <

L1 <

to z-ax1s

20
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'Poszible effects of flew on air-borne sound attenuation

(O]

in ducts ara discussed with the help of a simple attemuatfon <
formula. These effects are: Charge of -the wavelength due to

@]

convection of th2 sound fieid, change of the sound pressure e

at the wall caused by the flow profile, change of the charac-
‘teristic absorber properties by non-linear effects and sound

~scattering by vortices. ¥ith porous absorbers another effect

‘i3 caused by the different curvature of the phase plane at the
boundary of the absorber. Maasurements with a porous absorber
and with danped delmholtz resonators show reduztion of the
attenuation for sound propagation in the directior of the flow
and an incrsuase 9f the attenua.ion for sound propagstion against
the flow.

‘With the help of pseudo-sound in flow and of partial waves
in ducts with a periodic atructure of the boundary the sound
amplification found in ducts coated with reactive absorbers can
be explained in analogy to the travelling wave tube amplifica-
tion. This anelogy was sarried out and was ¢onfirmed by measure-
ments on resonance absorbers.

Part I Experimental Set-up

A. Introduction

Attenuation of eir-borne sound in ducts with superimposed
air flow i3 a prerequisite in many techpical appiications. Por
example in ventiiation ducts in huildings the roisa zencrated
by the blewer skhould not enter the vantilated roczs. The ducts
sbtould also net wliow noise from the outside to pensirate inte
the buirdin:. These ducts should therefore attonuate the air-

- borne sound propaggting]against the flew direction. In test

rooms for jet engines The very ligh nois: level of the Jet
stream has to be reduced bsfore the latter leaves ths test
room. In this case the ducts should absorb the alr-borme sound
propagating in the direction of the flow-

1

LLY]
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Since n; f;ﬁhlts of systematic investigations of the -
sound attenuation in_ flow ducts were available it qas usually
attempted to determine proper attenuation values according to .
toe-many accurate tecbnival, experimental and. theoretical eyx-
periences for sound attendation in ducts with resting air.
Flow was only taken into consideration with respect to the ©
technical requlrementa of acrengtn and beatvstabllity of the?
absorbing material and structqres. :Sometimned heuristic QQn-:
siderations 02 the surface’ structure of the absorbers and -
of the lay~out of the ducts were applled.. 2

In some cases it was found that the attepuation in such
absorber arrangements was different for the two directions of

sound propagation and - whick was especially disappointing -

O

e
—_
=z

O )

. that the effect of the absorber was much lower than expected.

During their course of development, acoustics and aero-
dynamics, both investigating movements of air, have become
different scientific fields with characteristic laws of dovelop
ment, which for a long time were rather divergent. In our time
the application of high flow velocities combined with high
sound levels leals to a closer cooperation in solving many
common problems. As will be shown in the work at hand the
investigation of air-borne sound attenuation in flow ducts
leads to the faormulation of guestions of gasdynamies. In this
work the prodblem was to be treated urder two guiding priﬁciples:
In the first place an experimental basis was %to be secured for
an aventual thaoretical treatment of the experienced phenomena;
the complexity of these phenomena can only be open for a theo-
reticnl discussion at tolerable expenditure if experimental
results lead a way to a logical solution. Furthermore it was
to be tried how far the analegy - obvious for an acustician w{j
with electromagnetic propagation mechanisms would lead in the
interpretation of the experimental resules. Therfore the analogy
with the propagatisﬁ of electromagnetlc weves along an electron
beam in the traveliing wave tube was xept ln mind during the

: investigationtof tha sgsound proyégation in ducts with streaming
" alr and especially in oonnection with the experienced sound

emplification.
2



¢ T 2
In an carlier wyek (1. 21 stieauatior nd .surements were
made in ducts wivh abasrbiang wallg and wivh a suﬁériﬂpcsad
alr flew . It was Lound chat €he 3ffcus of tee flew on the o
propagation »f sound waves in such ducts gan L2 sunliagized
i:Go three choserv@tions: . . -
1) The ctange of the attenuation Qf porou: ubsoshers and
higb‘y aamped resqpan_e Msorbers, . I N
89 2} marhpd attenuation ninima or aibgal &myl fication r&%p +* ©
o wi'tb dmd.a'mpea reaonatars, n ¢ " - ¢

Fof . 3) self-axc*tation of uuuts-with uﬁaamped<rasonatura_dc @@
5 0" 6

With respect to the first two Rgints this work is the %c> o o
continuation of the work quotsd abovee tne results of this % .
~earlier wqu #ili be used hereaseverhl ttmes. The aithor’ doeaﬁpO Cf
not know of any other experlmental 1nvestigatien coricerning the: s
attenuation of air—bo ne sound 153f;ow ducts.. The applicabillty N
of the theorstical treatment of this problem by Pridmore - _ -
Brown £5] will be tested with the experlmental resulss contai-
ned ian this work. cEe

®
é 0

1) Wind tunnel |
- he az;angement of the w*nd‘tunnel LS ae entla;ly the same -
a8 described,in fr, 2.. Fig.1 glves & schematic view of the set-
g}fxe upg A slngle-stage radi dI“bIOJer with 2 aotor of 7.5 kW elsectri-
= 2 cal power input geaerates tne air Jlow. Ths flow veloclity wxas
| - adjusted with,the help Qf & throttle valve at the air intake.
The pressure tube was 1nsu1ated from structure-borne sound from
the blower by rulber collars, Such insulators were used alsc
=5 at different other ‘places in the duct to prevert disturbances
in the test tube by structure-borme sound zenerated by ‘the flow o
e in: the ducts. The air from thc blowsr is penetrating a first R
- silencer of 1.5 r© lensth (not en’ered 1n o Fig.l) wlich is )
constructed in-a way to su%p?bss\xhe Gorg Pronguiced. frequoney -
,¢~components of the blower noige. ”n~thls ailencer the air ddS 7D

- :
A

+" led through a tute Kie pet4orated ‘sheet metal through a trana- Lo

~ F M—' ~

_gff?, versely coffered hox. The single compaztﬂgnta were “ined *q:é 72
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_ ° the hoise, components to be a.ttenuated‘ by proper filling with
rock wool of different density. After this silencer almost
.only the white nolse of the flow remains. Blewer and first
silencer were situated in a side room with a brick partition

. wall. Ip the measuring rocm the flow penetrated another gilen-- .=

= cer of 1.5 m lpngth (see Pig.l) which consisted pf an arrange- ©oor
ment of parallel plates of rock wool. After this ailencerutho O
free cross-section of the duct was contlnually reduced to thoﬂ
entrance of the test tube. In front of the test tube the s C g
generatora for the acousticel signal and a8, nozzle fbrgvaloci;y o
messurements were located. Fon mqasurementé‘or3thg sound pro-
pagation against the flow direction the aound;souréea lay at
the other end of the test tube. The flow velocity was partly
measured with a Pitot tube penetrating about 70 cm into the
test duct from the far end. The test duct had a lepngth of
2.4 m and a flat rectangular cross-section. Typical values
of the cross-section are 33 mm height and 99 mm width. The
absorber under test was put on theiupper broad side of the
‘duct. At the end of the duct a diffusor of 1.5 m length made
out of rock wool reduced the reflection at the duct termination.
the croes talk into the duct and the noisse from the exhaust.

For measurements of attenuztion and phase velocity of the
sound wave in the duct the probe tube (8 mm diameter) of a
noving coil microphone acoustically matched to the probe tube
was drawn throuéh the duct by a synchronous motor., Por minimal
noise level a probe tube with lateral openings smocthly coversd
with copper gauge proved to be useful., The distance of the |
holas from the streamlined top of the probde was fivetimes the
probe diameter. ' |
In the wind tunnel described above the maximal obtainabdle

and usable flow velocity depended ¢n the test absorber. With
porous absorbers and Helmholtz resonators w1th~relat1vely
smocth surfaces flow velocities of up to 80 m/sec were reached
in the test tube; A/4-resonators with deep and sharp-edged = =~ -
grooves allowed only for 50 m/sec. )

C
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2) Measuring devices and methods. ~ o ° . .

(1]

In resting air two cone-loudspeakers on opposite sideg
of the test tybe were used as sbund sources forathe acoustical
signal to be measured. The loudspeakers were drlvan in push-
Al - “ahd thgy had an electrical power 1nput of 8 watts each,

~For measurements with superimposed flow two pressure chamber'

loudspeakers with an electricdl power input of 200 watts each
were used in the same arrangement. Power was supplied from
a 1 kW¥-power amplifier. Cooling was achlnved e*ther by. the flow

<

itself or by a special blower. = - ~

~

The microphons was connected to a variablé heterodyﬁe fil--
ter of © cps bandwidth. The filter was electrically coupled to
the built-in beat frequency oscillator, which was alsoc feedlng 5c
the power amplifier of the single sources. Thus the signal

frequency was always in the center of the pass-band of ‘the SR

filter. .
For attenuation msasurements the voltage at the filter

output was registered on a logarithmic level recorder while
the microphons prohe was drawn through the test tube. The
inclination of the recorded line was evaluated in terms of
attenuation per unit length (dB/m).

Por frequency analysis the paper-drive of the level re-
corder was coupled to the frequency drive of the variabdbls
filter. The output voltage of the fllter was registered while
the frequency of the filter was continually varied. Pig. 2
gives a block dlagram of the arrangement for the measurement
of the phase velocity of the sound wave in the duct.

By comparing the phase of microphone output and generator
the wavelength in the duct was determined. Phase comparison
measurements in streaming air have to be made with frequensy
selection to ensure a satisfactory signal to flow moise ratio.
Tha voltage at the cutput of the heterodyne filter can, how-

‘ever. not be vsed since here the phase relation is lost in

&
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the filter. Pherafore a phase-gensitive mixer amplifier a

gczalled “lock-int amplifier”. was built., Tts bandwidth can
pesily bo adJusted.® Measurements were made with_a bandwidth

of 1 cps. A third ochave filter was used for preselecticn. The

signal amniltudn at the meacurlng input of the lock-in ampl;-
fier was controlled mechanically to-give consbwnl *nput voltageu
Ror this purposo a "leve]l recordes was counscted to the heterOo

‘ djﬂL filter. Phe recording system of the level recorder is

1rigidly connect=2a with the slide contact of the logarithmic
input poteaticmzter aud it is meved in sueh a way that the .
slide contact is always picking up a constant voltabe vith
this recording sj;stem. recording the signal attenvaotion. the
slide contact of another, identical potentiometer was rigidly
counected. Tais second potentiometer was supplied with-the
psplified and preselected microphone voltage. Follcwing the
racording moveuents of the attenuation recorder the slide o
chbntast of the second potentiometer was hlwaysﬁmuved in a way
to pick up a constent voltage of the signal frequency which
%e5 then conneciced to the measuring input of the loci~in ampli-
rier. Tho reference voltage for the lock-in amplifier was
taken from the genevator. The d c.-voltage at the output of
the lccli~in amplifier was chopped and registered wirh anotner
level racordev. The dynamic of this arrangemert was. 45 4B The
pnase cecorder recorded theé square of the a.c.voltage from the
chopper; thus the phase differences n w a - 1, 2; s.. ) are
ciearly marked fer evaluaticn. Of course the over-ali dynamic
is limited by the dynanic of the attenuatica rscorder &s scen
as this falls bel:w 45 dB- The limits;of the measurinz accuracy
are given at lovw frequiacies by the number ¢f wavelenagihs ia
the duci snd at tigo attenuaticon valuves by the numbar of wave-
lengehis displayed on the attenuation recorder.

In al: exberimunis fhé fféouency was vesd from a fraqueacy

© &1 er raliorabcd with a Quarvyz frequeucy standsrd. The accuracy
of nueka'tenuaflrn messurgment's differs for the differeac

6
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frejuencics, flow velccities and absorber types because of the
varying Jrnamic and the varying evaluation accuracy ol the
inclination of tha2 recorded attenuation lipes. The eccuracy
1: zeneraily lowér for very simall (below 1.5 dB/m) ard vesy
large (over 200 dB/a2) attenuation. The signal to nojise ratic
juring the attenustion measuremen®s was. if.not explicitely

. stated otherwise, at least 25 dB: it’ was usually betveen 35 rrd
4% dB. The standing wave ratio of the sound pressure caused o

reflactions at the duct termination was below 4 4B, The crocr

talk through the prohe tube was 55 4B bolow the sound level
tarough tte lateral holes at the top'of the probe. - The crosc-
talk from the measuring room into the duct was balow - 45 4L

Part II

Attanuation with Dissipative Absorbers. .

Por air-borne,sound attenuanion mostly porous absorbera
or highly damped rescnators are used; these are absorbers with
predominating dissipative attenuation. The influemce of the
flew on poe propagation attenuation can for tiess.types of
absorbers be described as the result of three usually inter-
fering flow effectse

A. Influence of the TPlow an the Air—Borne Sound Attepuation.

- O A D i e e el s o A D U M ol S S S W U D g e W T e T S A A W e G A S ek P

In ordar to obtain a general survay over the possibdle
flow effects, we shall derive an expression for the “propaga--~
tion attenuation of the fundamental mode in a duct witpgaooofﬁu

-bing walls and a superimposed air flow for the simple_oasé'oﬁ
a:plane wave from a discussion cf;the Bnerzy- ¥ith this ex-

pression we will be able to recognise and discuss typical
chapnges of the attenuation constant which are caused by the

flow.
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) . Fig, 3 .

.

The wave euaii propagate in z-diraction. The duct has a
rectavgular cross-secticn with absorbing surfaces at x ~ + h-
We lock at a section of unity length ol an inf}nitely broaad
dact in y Airection. ¥e allcw for labteral distridbution of the
sound fielé values in ¥-~diracticn due to the wall coatings.

Betwoen tha sound presaure ﬁw at the wall. the particle
valiocity vn normal to the wall and the admittance L of the
wall we ltave the follcwing reiatioa s
Va T Py (1
(the horizontai line ~ indicates complex values). The real

part of the sound powcr penstrating through a wall section dz
in

+ Py in) . Az -fagfﬁ)v!pwldedz t2)

(7" 1pdicebes ~onjupatos imazincries ) 7ith ¥(x) the sound iater -
sivy wa cutain .or ths scund nover penetrating through’a cross’

u

s:cticn of tns dauet with the heighi- h oand the width upnity

R
H - 2’ ¥(x) dx (3)
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Whence follows from (é) . .
. A5 |2 ez o
%n; - ” 'I e o (“’)
. )I(x) dx .

& .

Whence follcwa _ s

(5)

We substitute o pe o(m (L) in (5), use the well known ex~- .

pression I = pz/oc for 8 plane wave without fiow and obtain

Nz) - o O/ (58

which is a generally used approximation for low'frequencies
and not too high wall admittance ({p_} = |p| ). [3, 4Il.
Equation (5) is valid over a wider range since thare the sound
pressure distribution is taken into account.

We shall, however, only try to get a survey over the
effects of flow on the sound attenuatiocn with the help of
equation (5). by studying the behaviour of the gingle compo-
nents in the attenuation exponent. We will thersefore only deal
with the most simple cases.

1) Change of wavelength.

We are to discuss the factor z/S I(x)dx and therefore
write

N(z) « Noexp ( - Az/ { I(x) dx) _ (50)

taking A as constamt. This sexpression is compared for a plane
wave in a resting medium with the expressipn for a plane
wave in & streaming medium. '

In restiﬁg nedium we hava

P Itx) ax = B p2e = I b . (6)
o’ P79 0 B

: :
- ¢ “ = C

)

®
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A aimple calculation [5]) reveals, that the sound intensity
of a plans wave in a one-dimensional flow in the diraction °
L]
of the wave normal is equal to

2
. I, = 53 (1+M)=I (1+N) (7)

w@th,the.exception of terms of the third order. Here Q is
the density of the resting medlium, p the sound pressure.

¢ the adiabatic sound velocity. M = V/c the Mach number of
the flow, and Io the sound intensity of the plane wave with-

out flow. .
Fquation (Sb) now writes

. Az . .
N(z) -~ K exp ( “T;E—(f‘:jgj ) ’8)
" N0 exp ( &, -%2)
with a, the attenuation per unit length at a flow veleccity
V. It is obvious that

G

y TN (9)

If, however, the attenuation is related to the wavelengtih A
i.e. )

3 BT |

K(z) - K. o - HO e \10)

and if the change of the wavelength is simultaneously taken
into account

c + YV .
Ae = Ap < T R A O e H) (11)

it becomes obvious, that the attanuatioh constant o' 18 not
affected by the flow ;

a*, - a° 12)

—
o
[4]



Thus thy attenvation change caused by the flow as expres-
sed in (B8) can be attributed, to the’ increase of the sound
wavelength, for propagation in flow direction (forward propa-
gation: V. ® > 0) or the decrease of th% wavelengtch for pro-
pagation against the flow direction (backward nrooszation:
V. M < 0) resp.

The invariance of the atteruation constaut rolated to
the free fieid wavelength is a consequence of »sur deduction
fror a plane wave in a duct with a small wall adaittance L.
It 1s obvious that generally the attenuation consbant should
be related to the duct wavelenzth A and that iassead of (11)
the wavelensth changes according to

Ay ~ A T+ ~§: ) (13)
L is the phase velocity in a duct with resting air-

If this flow effect should give a complete explanation
of the change in attenuation then - 25 essumed hers - the
pressure distribution over the cross-saction of the duct.
the wall conductivity and the phase velccity relative to the
medium should remain unaffected by the flowx.

2) Change of the pressure distribubion.

In expresaion (5) for the sttenuation exponent the
pressura Gw at the absorber surface is contained This pressurs
can be changed by the flow while all otiar factcs 3 amain un-
changed.

When a real gas is stresmirg throagih a dact -he fleow
velocity is zero at the wall. It 1s inecreasiaz ia s boundarey
layer %o the values of the center flow. In any g:ven distance
from the wall the phase velocity of the wave i3 approximately
added to the flow velocity at this test point. Sxzert from the
curvature of the phase plane in front of a porous absorber
already in resting air [6] these phase planes ars additionally
curved by the velocity gradient of the flow. Tne 3sound pressure
at the yall will be affected dy the flow,

1l
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The curvature of the phase planes and of the sound
beams by the _sradient field of the phase velocity is a typical
problem of geometrfbal acoustics. It is a characteristic for
geometrical acoustics that all properties of the material
involved undergo 8 marxed change only over distance large
compared to the wavelength. With the duct cross-section and
frequencies involved in our measurements no important change
of the pressure distribution could therefore be expacted.

For a duct with sound hard walls Pridmore-Brown {5] hae
calculated the change of the pressure at the wali, ﬁwg caused
by the flow for the fundamental mode propagating in flow direc-
tion. The calculation was made for two different velocity
gradients: constant gradient and turbulent velocity profile.
An aporoximate solution of the two-dimensioral, dissipation
free wave equation with superimposed stationary. transversely
variable flow was calculated. For constant velocity gradients
the solution 1s valid for low values of the gradient and for
turbulent flow profiles it is valid for boundary layer thick-
nesses larze compared to the wavelenzth.

In both cases an increase of the pressure at the wall
over the pressure in the cecter of the duct is found. The
pressure increase 15 raduced with decreasing Mach number of
the center flow and with a decreasing number of wavelengths
per boundary layer thickness. If the effective height h of
the duct is supposed to be the boundary layer thickness then
with a linezar velocity profile and Mach number M « 0.2 {this
was the crder of magrnitude reached in our measurements) the
pressure at the wall exceeds the pressure in the center of
the duct by 55 dB for kh = 20 and by 10 4B for kh « 2n i.e,

A ~ b. For a turbulent profils the pressure increase is only

17 4B for H = 0.2 and kh = 20 instead of 55 dB wi%i the linear
profile. The kh-values 21 and 20 are the only values which

were calculatad by Pridmore-Brown in a tedious numzrical proce-
dure. However, by extrapolation to the values pressent in our
investigation 0.08 &« kh <2 0.8 it can be shown that this v
geometrical-acoustical flaow effect does not play a role in

[+
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our measurements, if not the calculation for a wall with
finite wall admittance would lead to essentially differant

values.
Pridmore-Brown has also calculated the attenuation per

unit lersth as a functiorn of kh from equation (5) for a tur-

bulent flcw profile with a center flow of Mach number 0.4

taking into account the change of the wavelength according

to the preceding paragraph and under the assumption of only

a small wall admittance. This calculation was made for a

plane wave propagating in flow direction. It is shown that

for kb >»5 the focussing effzct of the sound wave at the wallis

exceeds the increase in wavelength: the attenuation is higher

than in resting air. For kh<5 the attenuation is smaller than
in resting air due o the change in wavelenzth.

%) Variaticn of the characteristic properties of the
absorbar.

It was in thke two preceding paragraphs assumed that the
characteristic properties of the absorber - in eguation (5)
this is the wall admittance L - are not changed by the flow,

It is, however, known that with many accustical absorbers
the resistance as well as the reactance depend on the amplitude
of the sound vibration. For Helmheltz resonators the non-
linearity of the resistance could gquantitatively be attributed
to the occurence of vortices, |7, 8]. These non-linearities
are alsc observed when strong direct flow is superimposed.
Like in resonators also in norous absorbers a non-linearity
of the wall admittance can be caused by flow. A wall admittance
indevendent on flow with porous absorbers would demand for
complete superimposihg of the sound wave and the streaming in
the pores of the absorber caused by the pressure variations of
the flow. From the experierces made in measurements of the
flow rasistance of porous material we have to conclude that
this linear supernosition cannot be expected.

The influence of the flow on thz sound attenuation by
change of wavelensth and focussing of the sound energy is open

13



to calculation. This is not the case for the variation of the
characte~istic properties of the absorber. ‘e are still lacking
experimental results on the chanze of impedance caused by flow
parallel to the surface. o

Since in our iMmvestigation duct dimensions and frequen-
cies used exclude the geometrical-acoustical effect and since
furthermore the effect of changes of wavelength can be elimi-
nated by calculation we can obtain from the resualts a first
information on the effect of flow on the charazteristic preo-
perties of the absorber.

4) Sound scattering by vortices.

Another possible influence on the socund attenuation in

flow ducts is the scattering of sound by vortices in the flow

S.A. Miller and Matschat [9] have made an experimental
and analytical investigation of this type of sound scattering.
As a characteristic quantity for a jsiven stationary turbulzence
pattern of the flow the ratio r/A was found; r vortex radius,
A sound wavelenZth. Bzlow r/A=-1 the scattered socund en>rgy
is decreasing rapidly with the fifth power of r/), for hizher
values of r/A it increases with the sccond po:er of the ratioc.
7ith the small duct cross-section and large wavelenzths used
in this investization sound scattering is without influence
on the attenus .ion. A measurement of the attenuztion in our
duct with sound hard walils revealed no change cf the attenua-
tion at different flow velocities within the limits of measu-
ring accuracy. But also for larger values of r/A the effects
will remain small. The scattered energy is increasing, dut
for increasing r/A the scatiering becomes more and more for-
ward scattering.

5) Interaction of flow effects.

In paragraph 1) the influence of a change of sound wave-
length on the attenuation was discussed under the assumptien
that the phase velocity of the wave remains c¢onstant in =

14
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coordinate system moving with the flow. In paragraph 2) only
the effpct of the flow profille on %he cross-sectional distri-
butlon of, the pressure was discussed; not discussed was the
influence on ths distribution of the phase over the duct
cross-section and the resulting phase velocity of the wave

in the duct. The nropagation of the wave in the gradient field
of the flow can be treated like wave propazation in layered
media in which the wave would have an averaje phase velocity.
Also the effect of the change of the characteristic properties
of the absorber according to paragraph 3) on the change in
attenuation accordinz to parazraph 1) is obvious: if the
effective wall admittance of the absorber is varied also the
phase velecity of a wave propazated along tha absorher is

Zenerally changed-

A marked effect of the phase distribution in the flow
profile on the attenuation in a duct coated with porous ab-
sorbers is even to be expected when the velocity sradient of
the flow does not produce a change of the go ! nrisst “e o
at the wall as it was calculated by Pridmor- , ~~m & -
a duct vith sound hard walls.

It is —~vell knowan [8, 10] that an original:y p° - -

wive propagating along a porous absorber has a ~:nver »h- e

surface in resting air. This is indicated ir iz uppr- -.a-
srams of Fig.4. The hatched area be the abscyszr ith acr
above it. The scund wave shall prcpagate £ :: 1o % ta rigat.
Then the anzle §>O between the wave front ~ - -+ iag sl

and the absorber surface is accordinz to

= 28 n2 + 1
¥ " 5y EBER! (14)
1- r/‘"? € =08

given by the porosity 9 , the flow resistance r and the ratio
of air dansity ¢ in the material to the density %o in frae
space.

\IH
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Thd curvature of the phase surface in resting air is a
consequence of interference of the sound wave in front of the
absorber with the near fields of the compressional wave in
the material and with the surface wave at the boundagy. In
resting air the angle 9§ o 18 generally correlated over the
boundary conditions for the three waves with the penetration
of sound snergy into the absorber so that a smaller angle ¥ 5
stands for & higher penetrability i.s. for a higher propaga—
tion atteruation.

Zven if we leave out of consideration that a change of
the properties of the material by a superimposed flow is pos-
sible, the angle between phase plane and absorber surface can
be affected by the phase distribution in the flow profile. In
the second row of Fig.4 a diagram of the flow profile is given
for both directions. The superposition of the phase velocit;  u
of the sound wave and the transverse variable stresam veloci \'J
is also indicated. In the case of sound hard boundaries and
boundary layer thicknesses large compared to the wavelengtn
the wave fronta of the sound wave are deformed by this sun:r-
pos.sion luto a snape ressmbline the ficw profile. In thi -

case we will also oo arwva *ha gound nvecoure 320Ul Tulio
discussgea - Haragreph 2). 1f the trar .z2ise dimens_ons ol
e flow . Jxle are smaller than the wnav- Length, howave o,
tne press. constant over the c¢r«—=:.: > tion anc ire ph.ie

surface < tue vave canm nno longer be cczatructad by siaple
addition of phasa velocity u and locsi [low velocity V; the-.e
is, howvever, still aa acditlensal cur >tz .f the wave fronts
at the wall causaed by interference -n tre flow profile. This
additicrnzl curvatiare of the wave fronts uus the same direction
as that of the flow profile. By adding the curvature o the
wave fronts caused by the flow to that which is already exist-
ing in resting air in front of porous absorbers, the resulting
angles & are different from one another depending on the sound
propagating in or asgainst the flow direction as it is indica-
ted in the third row of Pig.4. This change in anéle is not

16



connected with a change of the absorber »roperties accordineiD
to squ. (14), such an effect car occur additionally. In any
case the front-surface angle @ is correlated with the penetra-
tion of sound enfrgy into the absorber; although the corre-
lation is different from that in resting air. In the neighbor-
hood of the absorber flov? and wave front include the angle Fv
According to Blokhintsev [11] the sound power averaged over
one period penetrating an area parallel to tha flow of unit
cross-section is given by

N(fv)-ﬁ‘?(l*-g sinrj:v)

Whence follows that different attenuation characteristics are
to be expected with porous absorbers for the two possidle pro-
pagation directions relative to the flow direction. This dis-
symmetry is disclosed in the measurements described later. For
a quantitative investigation more measurements should be devo-
ved to the sound field and the flcw profile at the absorber
aurface,

L. fttonuation Measureraintz with Diqs;“ﬂtiV& Absorbers°

B T »--H—» B e - P e

e g pantob;ne of ~2roas gbsorber o rack wooi layer
o1t ooaue~? by . - ..t und Hartmann) of 78 an tcick-
nexzs covared raioh nerf ... ? sheet un the flow side was hes 4.
“e pesforated sheet o o oo . thic... *%“o holezs 223 a diame: |
of * mm; the surface =.oca 25 she holes w%as 3 : . thue envive
sheev surface. Jitn . ra2l, of a cover toard o-r the rear sld=o
the absorbzr was Tacbuno ! oo ~ne broad side of the 4ducé unlar

P

moderate preszur-=. o crozse-seciion of the ducy was 23 n 1o”
mm2°

In Fig.5a a sketch of the crosc-secticn is zivan;
given is the attenuation a in dB/m as a functiczu of &
quency in kcps. The flow velocity is taken as a parameter.
Pogitive values of V indicate sound propagation in flow direc-
tion, negative values indicate propagation against the flow

direction.
17
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During taese measurements as well ar during the following
experiments codéerning sound propsasgation in both directions
two pressure chamber systems were used; one at each end of the
test duct. Thus attenuation measurements could be carried out
in both directions without changing the absorber arranzement.

It was shown in [1] that the scattering of the msasured
values 1s caussd by bending vibrations of the perforated sheet.

For forward propagation the reduction of attenuation is
about gqual over the whole frequency range. For V = + 70 m/scc
and 1.0 kcps the attenuation is about 40 % lower than the
corresponding value for resting air. For backward propagation
the attenuation is increasing evenly but not at the same rate.
The increase in attenuation at V = - 70 m/sec and 1.0 keps
anounts only to 2% %.

The attenuation curves for the different flow rates are
not alike. The curve for V = O has & hunch at 1.0 keps. For this
frequency the thickness of the rock wool is equal to a quarter
wevelength in the material. For forward propsgation this hunch
is svened out with increased flow velocitles. Consldering that
the hunch at 1 kcps is the result of a resonance - however
wesk - this observation agrees with the general experience thath
for forward propagation especially the resonance attenuaticn cof
less marked resonances is reduced with increasing flow velocity
(comp. Fig.6). The curves for backward propagation, on the
other hand, are much more similar to those measured with resting
alr. Ve will have to discuss the different variation of resonance

attenuation in connection with the measurements with damped

Helmholtz resonators.

According to the remarks made in paraziraph A. the varia-
tion of the attenuation must partly be caused by the change in
wavelength dus to the suparposition of flow. In order to elimi-~
nate this influence the phase velocity u, was messured in the
duct with resting air. Tozether with the wavelengzth Ac it is

18
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plotted in Fig.6 versus frequency f. -
The attenuation,a; per wavelength Av in the duct for a
flow velocity V was calculated according to

@ = e, A, = @ Al (1“%0-) (15)
from -he averaged attenuation curves given in Fig. 5b Telonging
to the measured values indicated iu Fig. 5a. The results are
plotted as a function of the frequency in Fig. 7. The neavy
drawn-out line is the attenuation per wavelength at V « Q.
Measured values for backward propagation are found in the
hatched area. The curves for forward propagation are given as
thin lines.

The differsnt behaviour of the attenuation for the two
propagation directions of the sound is obvious. Tha attenuation
per duct-wavelength is nearly constant for propagation against
the flow: the deviation in the hatched areas is at first in=-
creasing with the flow rate. It reaches a maximum for V .

- 50 m/sec (above 500 cps ths curve for V » - 50 m/sec gives
the upper limit of the hatched range) and then decreases again,
The curve for th~ attenuation per wavelength at V « - 80 m/sec
is identical to vhat for V = O m/gec within the measuring
accuracy. For signal prcpagation in flow directlon the devia-
tion of the attenuation per duct wavelength can, sccording to
the considerations in paragraph A, only be explainsd by flew
dependence of the characteristic properties of the absorber or
by a change of the wave front to surface angle g:due to the
velocities gradient ip the flow. 1t is xrcamarkable that ncet

of the deviation is observsd already in the velocity interval
from 0 to 20 m/sec while the deviation is changing only relative-
ly little at higher flow velocitias.,

Ine dissymmetry of thse change in attenuation related to the
two different propagation directions is very distinct. This is
clearly visible in Fig.2, where the difference q& - aé of the
attenuation per wavelength with and without superimposed air
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low at fraquencies 0.4, 0.6, and 1.4 kcps 1s entered as a
function of the flow velocity V. For 0.6 keps values derived
from the measu}ing results in Fig.5a are entered as thin
iines since here these differ very much from the approxima-
tion curves in Fig. 5b. The dissymmetry can be explained
with the change of the angle ¥ by the flow as was discusaed
in paragraph A.

We have to msention that by relating the attsnuation to
the wavelength the other flow effedéts are falsified: an in-
crease in atteunuavion with rising flow velocity is partly
compensated and a dissymmetry with smaller attenuation in
forward direction is overaccentuated. If for axample the de-
pendence of the attenuation a on the flow rate V ieg written like

a'
©
a, = - g (V) (18)
ottt Y/,
with g(V) the additionel athenuation reduction by the flow,

so that
al = @l = Ay (1 o+ V/u) g(V) (177

then it becomas cbvious that at V> 0 g(V) i3 multiplied
with a factor greater than Ae and at V.« O with a factor
smaller than Aoa The factors differ the more the greater the
aaounbt of V.

Another often used absorber arrangement with predomina-
ting digssipative attenuation consists of highly dsaped Heln-
holtz resonators. In Fig.9 the attenuation constant a in dB/m
for such resonators is displayed as a function of the frequer-
cy f£f. Also cgiven there are the geometrical dimsensions of the
resonators. A trolitul lattice with 33 mm spacing and 2 mm wall
thickmess waz glued to a lucite plate of 10 mm thickness. The
lattice separated the resilient volumina of the single resona-
tors. Precisely centered holes (10 mm diameter) in the lucite
plate served as resornator necks. The flow resistance was given
by a micropore foil glued to the flow sids. The cross-sectional
dimensions ¢f the duct were %3 x 99 mm2a
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In Mig.% agaln the marked reduction of the resonance
attenuation for forward propagation is to be seen. Also shown

1s tne increase of the resonance frequency caused by tne flow.
These observations were already reported earlier. The shif't
of the frequency of maximal attenuation towards lower frequen-
cles for scund propagation against the flow (comp. Fig.l€ for
contr.) 1s unexpected. In backward propagation measurements
the attenuation in resonance 1s increasing at first with the
flow corresponding to the contraction of the wavelength. 3ut
then the attenuation is dropplng again 1ln spite ¢f the further
contraction of the wavelength. The obvious reason is the non-
linear increase of the flow resistance in the pores of the
mikropore foll in front of the resonator necks.

Tc eliminate the effect of changes In wavelength caused
by the flow the phase veloclity was measured in the duct with
resiing air. Together wilth the wavelength the results are
shown in Fig.6. The dispersion within the range of the resonance
frequency 1s visible. The attenuation per wavelength was

then calculated according to equ. 15. This 1is illustrated in
Fig.l0. The resonance attenuation is decreasing witn increasing
flow veloclity for both directions of propagation. The increase
of the attenuation per wavelength at V = -4 m/sec and the
considerable shift of the maxima at V > O was caused by a
"wrong"
order to reduce to the real duct wavelength at the flow velo-
city V, U, had to be that velocity, which, added to V,
leads to the phase velocity u,, of the wave In the duct at a

v
flow velocity V. u was determined in resting airj however the

choice of u, when reducing according tc eju. 15. In

0
flow leads to a change of the resonance frequency and thereby
also to a change of the phase velocity relative to a coordinate
system moving with the flow and this change 1s especially
noticeable at and around the resonance frequency. But since
relating the attenuation to the wavelength should reveal all

other flow effects on the attenuation it is justifiable to



use u for the reduction. According to earlier investifations
and to results discussed in part III of this work even a sinpgle
resonator changes its resonarce requency in flecw.

Apart from these anomalies caused by the use of 2. - \'s
instead of u, for the reduztion of the attenuation cohustant
a symmetric change of the attenuetion wifth the flow velalcity
is scen from Fig.8b. In Figz.8b agraln the difference between
the attenuation constants par wavelength with superimposac 1 cw
and in resting air is plotted agslnst the flaw velocity. The
higher symmetry cf the attenvaticn creng2 conpared to Fig &x
inspite of essentially the same structure of the absorber sur-
faces conf:rms the explanaticn given fcr the dissymme:ry of the
attenuatisii change with the porovs zusorber-

cart III

A——

Senand frplificatvien with Reactav: Absorbers

Scmetimes minima of sound sttenuation in flow ducts with
damped resonance absorbers sre ctserved [2] the frequsnay of
which 1s changirng with the flrw velocity. These minima are
related tc the reactive character of the absorbers: they are
more clearly visible and can ever cause sound amplification
when uncsmped resonance absorbers, i.e. absorbers with pre-
dominating recactive attenuation. are used.

Characteristic for reactive absez - bers in resting air ig
a hizh resonance attenuation witr a small bandwidth. Under
the influcnce of the superiurocsec flow generally shift of the
resonance to higher fre¢guencies. tendency towards seif-excita-
tion and occurence of deattenuation 9- signal amplification
resp. are cbsorved. Ir this part of tiic nork deattenuation and
sound amplification caused by flew wi'l be investigated.
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A. Measurerments with Reactive Absorbers.

A D S U Ll P S S AT T ek D Mk S b ks W s B el Gk il - — -

In [2] attenuation measurements with undamped Helmholtz
resonators were 1eported. For comparison with other measure-
ments the more important results are shown again in Fig.ll. The
dimensions may be read from the diagram uf the cross-section in
Fig.ll. In these measurements the sound propagated in flow
direction. Measurements with backward propagation will be dis~
cussed later. For the investigation reported in the work at
hand mor powerful signal sources were available than for the
former experiments. This enabled a checking of tha amplitude
dependence of tlie amplification.

In Fig.l2 attenuation measurements for three different
signal levels at a flow velocity V = + 45 m/sec is displayed.
No absolutse calibration of microphone and filter was carried
out. All levels are related to an arbitrary reference level;
the reference level is the same for all level values given in
this text. The signal level during the earlier measurements
given in Fig- 11 was about 40 4B. The attenuation 7ith super-
imposed air flow is according to Fig.l2 independent on amplitude
except in the amplification range. In the same way the attenua-
tion in resting air is independent on amplitude over the whole
frequency range within the measuring accuracy. Fig.l3 illustra-
tes the smplitude dependence of the amplification in detail.
The level of the flow nolse in these measurements was about
© dB. For signal levels up to 45 dB no systematic changé of the
amplification with the amplitude was observed within the limits
of the measuring accuracy. For higher amplitudes the amplifica-
tion is reduced; simultaneously the frequency of maximal ampli-
ficaticn is cheanging. For all signal smplitudes the recorded
sound pressure as a function of the distance from the sound
source (logarithmic scale) is a straight line disturbed by a
more or less marxed wavyness. Fig.1l4 zand 15 show curves recor-
ded oo a level racorder during such measurements. In Fig.l4 the
signal level is about 40 dB. In Fig.l1l5 the curves show:
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a) The sound pressure in resting air, b) the flew ncise.

c) to f) recordings for a flow velocity V = + 45 m/sec and
different signal levels. Fig.15 is an exampie of a wavy

curve. The wavyness at low signal levels at the entrance of
the duct might be caused by a parasitic wave ¢f equal frequen-
cy but different phase velocity. The accuracy of the phase
measurements in the flcw was not sufficlent to investigate
phase velccity and source of the parasitic wave: The occuren-
ce of wavyness 1la smplification ranges 1s only sporadic (see
Fig.i4).

The attenuaticn was measured with the same resonators
also with sound propagaetion against the flew dirsction: the
results are gliven in Fig.i6. Pcr resting air the curve is
drawn out: with superimposed flow only the part aubovs the
resonance is zgiven for clearness. Belcw the rescnance an
attenpuation increase is cbaserved corresponding tc the change
of the wavelength caused by the flow. In the neighberhecd of
the resonance¢ this effect is masked by the shifv and the re-
ducticn cf the resonance attenuation. The resonance attenua
tion is changes to the same degree and in the sama directicn
as with fcrward propagaticua. There is nc amplificaticn.

Fer the flrw velocity V . 8C m/sec an area arcund
¢ keps is hatched- Such areas are cbserved for all fliw rates
Just before the slightly marked attenuation maexima but they
are nct indicated seperately fc¢r the other flcw rates.

In these areas the attenuation cannct be defined un-
equivecally. There are twc distinctly different slcupes orn the
recordings: a steeper cne in the neighbcrhoed of the sound
source and a fiatter cne in greater distance. Both ¢f them
become steeper with rising signal amplitude The slcpe ob-
gerved in greater distance from the sound source issubject
o a much stronger changs with'amplifude than the souad
pressure decrease near the loudspeaker. With increasing
signal amplitucde also the range with the steeper slcpe is
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extenaing., In these frequency ranges only two statements are
defined to s certain extent: The drop of the sound pressure
rear the sound source, which is relatively independent on
amplitude“and the frequency of minimal pressure decrease in

a greater distance from the signal source. In Fig.l6 the glope
of the curves reccrded at the far end of the duct ig plotted-
as the lower limit of the ‘hatched area for V = -~ 80 m/sec

(at a signal to noise ratio of 15 dB). Otherwise the slope of
the recordings in the neighborhood of the sound source (distan-
¢e up to 80 cm) was used in Fig.1l6.

We have discussed the presgsure course in these areas in
more detall since they are very different from the sound ampli-
fication with forward propagation. First of all this is true
for the amount of deattenuation. Furthermore for backward pro-
pagation the inclination of the pressure records at the
farther end of the duct shows a strong dependence on amplituda
even for the smallest signal amplitudes, while for forward
propagation an ampiitude dependence of the amplification is
noticed only for signal levels exceeding 45 dB. At last for
forward propagation the registered curves can always be appro-
ximated by straight lines and we would like to emphasize here
that in all other measurements in deattenuation rangzes the
registerad curves were straight lincs.

In spite of these discrepancies wes will l=ater obtain an
important information on the sound amplification mechanism
from the frequency of minimal inclination of the pressure drop
with backwa.d propagation.

In Fig-16 we have attenuation maxima above the resonance
the frequency »f which is changing with the flow velocity. In

Fig.1?7 +theze attenuation maxima for negative V, the attenuation
for V = 0, and the amplification for positve V are confronted.
For equal absoclute amounts of the flow velocity the frequencies
of the asttcnuation and amplification maxima are Ghe same. The
ettenuvation maxima for backwsrd propagation show only a small
amplitude dependence: for example at V = - 50 m/sec and
1,7 kcps the attenuation is only changing from 6.3 dB/m for
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a signal le;;l cf 55 dB to 5.5 4dB/m for a signal level cf
30 4B . ..
In order to investigate the conditicns for sound ampli-
fication the absorbers were varied.

It is an imnportant exparience from the experiments that
all dimensi.ns have to be kapt constant over the entire lengzth
of the duct with utmost care and accuracy. Small deviaticns in
the dimensions of the resonators cause frequency deviaricns
and changes of the wave impedance. which influence and cften
prevent sound amplification,

It is learnt from the results reported in [2] that the
sound amplification is critically dependent on the shape of
the flow-side end of the resonator necks. Resonators were
built the values of the acoustical elements ¢f which - vibra-~
ting mass and resilient volume - were identical with the
Helmholtz resonators described above. The necks. however. were
given a shape 80 that a stronger interference with the fluw
was to be expected (see Fig.18). The necks consisted of tubes
with an iarer diameter and a length of iC mm preotruding <« mm
into the fliw. In Fiz.18 atctinuation curves for sound propaga-
tion i1n forward direction are displayed The attenaation belcew
and in the peighborhocd of the resomance fregquency shews the
vsuzl behaviour. It is omly to be remarked that the resonance
frequency shift. which can only be explained by a reduction
of the vibrating mass by the flcw. i1s smaller in this case thea
with rescnatcer necks sitting flush in the wail . The deattenua-
tior at V = + 30 m/sec 1s, as expected. greater than with re-
sonators wi*h flush necks: at higher flcw veloclties it is
howevcr,.smaller The deatteniation is mcre and more reducez=3
by higher lcwvelceziiies. whlle it remayned constant with the
resonaters snown in Tag-li -

The relucticn i tue deattenuation vith rising flew velc-
city is a recul of Tpe genzsirel.y experienced fact. that thsa
gound am-liiicaiion 2def~rzases i: the saie deyree as “he 7l w
in the duct "ectwes nigh'y ¢ rbuleat over the enfirs cross-
sectirn cewing t¢ mar..2d chstucles in the streamipg
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It 1s alsw geen from Fig 18 that the amplitude depenience
of the deattenuation - indicafed by the hatched area in Fig .8
tetween the measuring values corresponding to a change of the
signal level of 10 dB - becomes smaller with rising freguency

Furtheriiore the attenuation increase at flow velccity
V « + 75 n/sec and a frequency of 1.9 keps 1is obvious This is
an example for an experisnce alsc made with other absorbers
concerning the increase of the attenuation in forward propaga-
tican measurements in the neighborhocd of the self-excitaticn
frequency of the duct 12]. Otherwise the intensity ol the self-
excitation is very small with these resonatcrs-

Attenuatlicn measurements in forward propzpgation w're als
made with A/4 - resonators- In Fig.19 the results are plitted
for a csingle sided comb-line with equal width for gap and wal:
The curve for the attenuation at resting air is drawn out.
Else cnly the measuring points have been piotted Bel'w the re-
sonance the attenuation increase in the range cf the self-cxci-
tation is again visitle (for V . 35 m/sec the frequency cf
self-excitation S 5. is entered).- If both broad sides c¢f the
duct are covered with comb lines (Fig 20) the measured pclnic
with superimposed flcw are even nearer (in the hatched ares)
to the atftervation curve for resting air

Deattenuation 1s rot found under these conditicns This
is again attributed to th2 high degres of turbulence of the
flow caused by the sharp edges at the gzaps c¢f the comb line
The turbulence of the flow is also expressed by the maximal
ocbtainable velccities of the flcw: 55 m/sec and «0 =.'sec resp
instead of 80 m/sec with other absorbers

In order to reduce turbulence the width cf the gaps was
reduced to 10 mm lecaving the period length cf 40 mm unchanged
(Fig 21). Now deattenuation is agzain cbserved Remarkable is
the deattenuation at V « + 80 m/sec just below the secend re-
sonance (dotted line)-

A correlation between deattenuation and shift of thz re-
sonance frequency of the absorbers both casused by the flcw
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could be supposed- This supposition could be suggested by the
attempt to explain sound amplification caused by the flcw ae
a parametric amplification: pronounced frequency components
of tiue flcw noise probably tozether with the intense self-
excitation wave of the duct could - working as so-called pump
generator - change the reactance of the resonators periodi-
cally-

In the case of parametric amplification suitable frequen-
cy components must be found by fraquency snalysis in the tur-
bulent noise. Self-excitation must be omitted as pump generatcr,
since amplification 1s found also in velocity ranges without
self-excitation. Under conditions of amplification. that is
with a flow veleccity V = « 45 m/s2¢ and with resonators accor-
ding to Pig.11l the noise without signal was analysed: white
noise was found. Only in a small range arcund the self-excita-
ticn frequency the level was increased by about 5 dB.In a
second analysis a siznal of 1 4 kcps, that is the frequency
¢f maximal amplificaticn for this flow velocity. was added with
a 40 dB level. There was nc change compared te the preceding
measurcments. althoush with parametric amplification the idler
frequency between pump frequency and amplified frequeney sheculd
b2 amplified tcc.

Furthermore resonators were built with a large flow depen-
dent shif+ of the rescnance fregu:r>y. In crder to deveicp a
suitabie resonatcr a sinzle r2sonatcr with ccnstant resilient
volume .criss-gsecticn 31 x 31 mm2 depth 24 mm,; but with necks
¢y different width and length was fir=23 tc the sound hard ducr
The resonator was excitad i.: the resilient volume by a sourd
source wi*hk high acoustical impedince The souud pressure was
measured by a prcbe microphone with & very thin bering- The
resorance curve was registered st different fl¢w velocities
in the duct by means of the tunable h2tercdynz filter. It was
experlieuc~d. that thz relative shift 2f the resjnance frequency
18 whe greater the wifar znd shorier the necks are. with a
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lengtt of the neck ¢f 3 mnm and a #1dth cf 8 mm a frequernry

shiftr cf «8 % was found a* a flcw velccity V .- P20 m/ser iiith

an arrar.semen* of such absorbers ~he attenuaticn for forward
propagaticn was measured (Fig 22) The resonance frequeacy

shifl* ¢f the whoie group wase*smaller 37 ™) thsn that of a
single rescnater (reduction of the vibratinz mass p:r resonatcr).
But the shift is still clesrly larger than with resonaters
according te Fig-il (22 %). The relative cnanze ¢f the rescnanca
frequency and of the vibractinzg mass m of Zne resonator acccer-
ding tc Fig. 22 are picited against the flew velocity in Fig 23.
The dotted lines beliw V - 4G m/ser sre derived frcm the be-
haviour of a single rescnater in the fl w.

The reactance of the resonators is therefore decidediy
nen-linear. A sound wave with high amplitude or a distinct fl:w
pulsation can change the reactance cf th2 resonatcrs accordingz
te a characteristir like that ia Fig. 27 and therefcre serve as
pump generatcr. According tr the baslic principles of parametaii-
amplification frequency cf these pulsaticns has to be different
from the siznal frequency toc be amplified. The pump frequency
should therefore be found by freguency analysis. But alsc with
this resonator type nc pump generator ffequenCy was to be de-
tected- The sound amplification according t¢ Fig 22 is essential-
iy the same as with the other rescnaters Fig-1ll) inspite c¢f
the different turability of the reactance. Therefcre the scund
amplificaticn is n: parametric amplificaticn.

The mechanism of parametric amplification has to be ax-
cluded since there is no flow pulsaticn serving as pump Zenera-
tor- But we will see later that the amplification is really
caused by certain flow pulsation. It muist however. be empha-
sized here that the frequency cof these pulsations superimposea
on the flew is equal to the signal frequency
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B. Explanaticn of the Scund Amplificaficn.

- G S S S e e e v e et e e — e -

In the investigaticn c¢cn the influence ¢f flew cn air-borne
sound attenuation with regbtive absorbers an interesting physi-
cal phenomenon was met: amplification of an acoustical siznal
along its propagation path through the duct This sound ampli-
fication will be explalned on the following pages and alsc
possibilities for a quantitative treatment c¢f the problem v 3
be siven.

We will use the analcgy with the eleciromagnetic travelli s -
wave tube as a guidirg principle. This includes the advantage
that the analcgous electreomagrietic amplification mechanism is
easier tc put in words. that the characteristic features of
sound amplificaticn will become evident and especially tho necc: -
sity and fertility of the term "pseudeo sound” introduced by
Blokhintsev [11) will be seen The th cretically and formaliy
difficult term pseudo sound will be explained ir so much cdeta’’
as is necessary for the explanaticn of the amplificaticn. The
term helps with the conceptual separaticn of the flew and scund
phencmena which, with the excepticn ¢f the equaticn of centinui-
ty. come from the same basic ejuaticns. It represents further
mcre the energy transmitting link between flcw and sound field
because of its non-linearity- The classical analcgy between
acoustics anrd electrodynamizcs is basinz on the fact that ccr-
responding phenomena are treated with the same mathematical
means . It will be skown that this is not possible in cur case
We have therefore ot to show under which (most simple) con-
ditions for the flow the basic equaticns of the flcw and sourd
field permit in principle an amplificatica of sound. We will
find that only a spatiai paricdicity. of the staticnary basi-
flcw is required This result leads us to a phenomenological
analogy of the sound amplification and amplification of electrc¢-
magnetic waves in travelling wav> tubes with pericdic delay
lines- The ccnception of partial waves on such lines will be
deduced and applied to our flcw duct. The ambivalence of partial
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waves ag a computational term and as a ﬁhysical reality will be
-diselcsed,,Tith this we have a basis for the comparison of the
mz2asuring results given in paraq;aph A with the conception
developsd on these pazes. .rencunced similarity of scund ampli-
ficaticn rith the slectrical partial wave amplificaticn will

be found. We will understand differences with respect to ampli-
tude dependience of the amplificaticn and the semnsitivity cf the
amplificzation to turbulence in the basic flow-

i) liectromacretir travelliny wave tubde.

The principie of thes elzctronagneti:c travellinz vave Live
will b2 =xplained to an extant necessary fer the illustratien
¢f the sound amplificaticn. Fcr further infcrmaticn the reader
is refered to the literaturz cn the subject. for example the
monograpias by Pierce (12}. Kleen [13]. and Besk i14]. A coz-
preaznsive description with aaple literature relerences is fownd
in R Muller and ltetter ([15]

The essential elements of a travelling wave tube are tle
delay liune for the electromagneticr wave tc be amplified a.d the
electrcn becam serving as a guide for the spase charze waves
The delay line wave is rcachirng into the Z2ischarge space with
relatively weak stray fields: the space charge waves in turn
induce with their lateral near fields altersnating currents in
the dclay lire. Both waves are mutually couplzd by means ¢f
these fieids along the propagation path. The delay linz wave wiil
be amplified. if it is so much dz2layed that it 1is synchroncus
with the sc-called slcw space charze wave In staticna-y ccordi-
rates this wave is mcviny in beam direction. IRelative tc the
2lectrens in the electron bsam. hcwever the siow space charge
wave is moving backwards Znergzy is delivered from the kinatlir
anergy of the a2lectron beam A part of this enerzgy is transmi‘t-ed
to the delay line wave by means cof the space charze waves The
space charge waves are the energy transmitting link between
2lectron beam and delay lirce wave. They are suited for this
purpcse bocause of their essentially non-lipsar character: spa‘e
charge wvaves are the formal expression fcr puls~tion on the

-~
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elecfron beam, which can be described as plasma waves in a

stationary coordinate system. They have to be distinguished
from the usual electromanetic waves propagating on the delay
line of the travelling wave tube in the first place because of
their non-linearity; the electron beam is alsc guiding electre-
magnetic waves which in contrast to space charge waves can be
linearly superimposed. The other essential difference is given
by the form of energy in these two wave types. In the electro-
magnetic wave energy is oscillating between the electric and
the magnetic field emnergy: in the space charge wave energy is
oscililating between electron repulsion and kinetic exnergy of the
moving electron mass. The couplin® between these types of waves
is effectad by the common electric energy. The magnetic fileld
component connected with the motion of electrons can b2 nezlected
for heam velocities small compared to the velocity of light.
There 1s therefore no radiation from the space charge waves.
Most of these statements can directly be transfered to
sound amplification after introducing the pseudc sound. A dif-
ference between travelling wawve tube and cur duct essential for
the quantitative treatment comes from the fact that in the
travelling wave tube each of the coupled wave types is clearly
assizned to its owvmn guide. while in our problem duct flcw as
we2ll as sound events take place in the same medium or on the
same uide. In the travelling wave tube the line wave is pre-
dominately led by the delay iine: the energy of the stray fieldns
is small: the space charge wave is limited tc the electron beam.
Calculating the travelling wave tube mechanism each ¢f the waves
can be examined cn the respective guide without mutual coupling
and than a solution for the whole system can be found by intro-
ducing suitable coupling factors. Since Pierce {.2. 16] thie is
the classical calculation method. The same way cz2nnot be used
with our flow duct because of the ccmmon medium for flow and
sound wave tc be amplified.
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2) Sound and pseudo sound. *

»
The introduction of pseudo sound shall help to solve the
difficultycaused by the fact that there is only one m~2iium for
flcw and sound. There is a two-fold relation to the travelling
wave tube analegon: only by the introduction of pseudce scund
the similarity between sound amplification and the amplificatica
mechanism in the travelling wave tube is established in basiz
requirements, and on the other hand the comparison with space
charge waves can elucidate the pseudo sound.
3ven if we leave aside the statistical flow noise genera-
ted by turbulence at the limits of the flow or at the microphone
itself, a pressure sensitive micrcphone in the flow will pick
up alternating pressures coming from the flcew- For example a
moncchromatic pulsation v ¢os wt be superimposed on a stationary
flow Vc the entire flow being

V » Vo + v cos wt . (18)

then we have a pressure P at the microphohe:

_ o § 2
P.P A + B - A (19)

~’iY

A and 3 are form factors dspending on size and shape of the
sound recziver and on the pcsition of the sound receiving
epenings on the amicrophone bedy [11]. If the receiver is only
sensitive to alternating pressure and if the pulsation ampli-
tude v is small compared to the velocity of the flow, the
receiver will indicate an alternating pressure

p=B-cV, - vcosuwt-A.cw Vsinwt (20)

although in this example no sound field was sup:rimposed on
the flcw, The first term in equation {(20) comes from the
dypamic pressure: it is quadratic in the flow velecity and
therefore produces modulation products with the turbulence
couponents of the flow. In order to reduce the disturbing
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influence of the turbulence on the received sound pressure the
geometry factor B of the pressure microphone is made very °
small for example by making sound receiving openings at the
sides of the recelver., Our microphone was constructed accor-
ding to these points of view. But the second term in equ.(20)
is still remaining. It can by no means be removed since a re-
duction of A will always result in a reduction of the sound
_ pressure sensitivity of the receiver.

This means that a flow.pulsation will always be registered
by the sound receiver like a sonic event and that it cannot
be seperated by the receiver from a real sound field. There-
fore these flow variations are according to D.I.Blokhintsev
[{il] callad pseudo sound, Although pseudo sound is picked up
by a receiver in the flow like a real sonic event there are
Amportant physical differcences betweon them, and by comparison
with the preceding paragraph it is Goufirmed that these 4if-
ferences are ansalogous to those existing between electromagne-
tic waves and space charge wavas.

In a stationary coordinate system sound is essentially
propagating with sound velocity; pseudo sound propagates with
the average flow velocity llke electiromagnetic waves are p-s-
pagating with the veloclity of 1i:b% and space charge waves
with about the mean elettron beam veloclity. Sound waves of
smaller amplitude are linsarly superimposed in resting air
as well as in flow; but flow pulsations are essentially non-
linear. For sound the compressibility of the medium pilsys an
important role; one of the energy stores of the sound wave
is the potential energy of the compression of the medium.
Therefore we observe radiation from a sound wave. For pseudo
sound in flow with Mach numbers small compared to one the
compressibility is of secondary importance. Therefore no
radiation is observed from pseudo sound. The analogy with the
electromagnetic case 1s evident, when "compressibility" is
replaced by "magnetic field". Like space charge waves pseudo
sound is decaying transversely outside the flow in exponential
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near fields. The analogy bto electromagnetic waves is carried
still further by the fact that sound and pseudo sound have
one type of energy in common: the kinetic energy of the me-
dium particles. However, the potential energy of »pseudo

sound is not stored in a change of state of the medium, dbut
i8 represented by the restoring force of the flow limitations.

Pseudo sound is 80 important for our problem because in
a duct the boundaries of which consist of resonators these
resonators are also sound receivers picking up the pseudo
sound. Since their mouthpieces are sitting flush in the wal:
the second term in equ.(20) will prevail. An "elastic"
boundery of the flow is given by the oscillating air in and
in front of the necks. Or, from another polnt of view, if the
boundary of the flow is thought to fall on the walls of the
duct (a partition wall in the flow side of the resonator
necks must be added in thought) then these resonators form
sourcas of flow with time dependent yield. The possible ex-
citation of pssudo sound by the oscillating motion of the air
in the rescuator necks is thereby indicated. On the other
hand the resonator is sensitive to pseudo sound. The kinetic
energy of the flcw pulsation transmitted into the resonator
is for a very short time stored as potential energy of the
compressed air iju ths resilient volume. Thus a reversible
change of the state of the medium is effected by pseudo sound.
At certain phase relations radiation of real sound from the
resonatoras can be excited by pulsation of the pseudo sound.
Real sound and pseudo sound of the flow are ccupled to one
another in the resonators.

The most important function of pseudo sound with respect
to sound amplification is given in close analogy to the
function of space charge waves in travelling wave tubes.
Sound waves of low amplitude are linearly superimposed on
the flow. They cannot get energy directly from the flcw.
Direct energetic interaction with the flow is only found
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wié% sound wavern of "finite" amplitude. The amplitude depen~
dence of sound amplification in our measurements reveals that
we have not to deal with these effects. Pseudo sound, however,
can because of its mnon-linearity draw energy from the {low in
analcgy to the space charge waves. By coupling with the sound
field at the resonators this energy is passed on to the sound
wave. Like the space charge wave pseudo sound is the necessary
energy trancmitter from flcw to sound field.

e have explained that by oscillating motions in the ra-
sonators pseudo sound can be exclted and that on the other
hand pseudo sound can be converted into sound at the resona-
tors. A detailed picture cannot be given without first intro-
ducing partial waves. Their introduction is suggested by the
following analytical investigaticn.

3) Analytical evidence cf sound amplification.

It was elready mentioned ia paragraph 1) that a mathema-
tical treataent of sound emplification with the methods applied
in the case of travelling wave tubes 1s rather difficult. In-
spite of extensive analecgy of the bhasic quantities and inspite
of zood agreement oI the experiuwental results with the experien-
ces made at the travellinz wave tubes, an analyfical evidence
for sound zwmplificatlion in flow cducts is required for further
comparisons.

The problemr igs limited and cefined to tne follewing
question: under which simple coaditions is sound amplification
possiblie? iie will put up witih the formulation of a differential
equation of the variables in the ducrt. which will show the
pessibilities o1 amplified waves in the duct. The numerical
solution would require iavestigations of the flew itself,
which would exceed the m2acuring possibilities of the present
work.

Our pcstulated coaditicins are:

1) Flecw and sound phenon2na are uni~-dimensicnzl and ex-

tend in z-direction.
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2) The flow V{t.z) is separated intc a staticnary z-de-
pendent fundamental flcw V (z) and an alternating flow ViLZ: %),
which shail include sonic particle velocity as well as an
eventual flcw pulsation.

32) Quadratic terms of the alternating variables (index 1)
are neglected,

4) The alternating variables are propertiopal te ejwtt

5) Beth stationary terms alone and the complete %terms
respond to the dissipaticn-free equation of motion withour
outer mass forces, and the adiabatic equation of state Dbe
valid,

6) The stationary density of mass flcw J, v ¢V, he fran
of sources.

Under these conditions and for simplicity under the
assumption M(z) - Vc(z}/c«x.i we have the follcwing equation
‘for the alternating ficw density Jl (the deducticn is fcund in
Appendix I)

5%7, M
—s= - 2 (JkM » M F)

|'.z

J
z

£

1 dM

+ (ka ~ 23k iz

-3, 0. {20

o

The alternating pressure P; is realted to the alterneting flcw
density J, by

2 93 )
T P el \22)

(21) is a second order differential equation with variable
coefficients. It suggests itself; to set up a pericdicity of
the fundamental flow V  (z) and thereby also of M{z) in z. The
maznitude of the variaticn and the accurate course cannot im-
mediately be predicted. At least we know. that there are solu-
tions of equ.(21) for periodically oscillating M and that thesz
solutions 1incresse exponentially with z, thus representing
amplified waves.

37



*4) Partial waves. . .

We have abova stressed the importance of spatial pericdic
inhomogeneities of the boundaries of the duct. Therefore we
have to investigate sound propagation in ducts with periedic
boundary conditions. The influence of the periodicity of the
boundary conditions can very clearly be explained with the
occurence of partial waves.

The fact that partial waves gemerally have a smaller
phage velocity than the fundamental wave leads tec a further
extensions of the analogy between flow duct and travelling wave
tube. It is known from travelling wave tubes that the coupling
delayed wave is pot necessarily the fundamental wave but that
it can also be one of the partial waves. In our duct the fun-
damental wave has a phase velocity v of about 400 m/sec. This
fast wave cannot interfere with the flow with velocities of up
to 80 m/sec. Only partial wave amplification is possitle.

In a work by R.Miller [17] partisl waves are interpreted
as compouents of a spatial Fourier synthesis of the wave
spatially distorted in the inhomogeneous flow duct. In Appendix
I1 existence and properties of partial waves for sound propa-
gation in periodic ducts with resting air are deduced as a so-
lution of the houndary value problem. In the corresponding
problem treated for streaming medium in Appendix III the same
deduction is found.

The definition of partial waves in resting air follows
from the presentaticn of a sound field quarntity F resulting
from a boundary value problem:

n
=z wt - B 2’m ~
eJ( oz) ?An (x‘y)ﬂe-lj I 2 (25)
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The addenl)s age the partial waves; An(x y) are their

afplitudes (complex and dependent cn the trunsverse cocrdi-
nates), Bn the phase constants with

L J
2nn
Bn o BC A (24)

Bo is the phase constant of the fundamental wave. The sum-
mation index runs from - o« to + o@. L is the spatial length
of period of the duct boundaries,

Obviously only the sum of all partial waves saticsfies
the boundary conditions. The mutual ratios of the partial
wave amplitudes and of the fundamental wave amplitude are only
determined by the geometric dimensions and the boundary con-
ditions of the duct; if the latter are constant over the en-
tire length of the cduct 21lsc these amplitude rstlos are
constant. Therefors all partial waves have the same attenua-~
tion constant as the fundamental wave. The amplitude An cf
the partial waves are generally rapidly decreasing with ia-
creasing absolute amount of the partial wave irdex n. In
most cases only vhe first two partial waves wita n « « 1
are of importance. rFurthermore the ampliludes of tue parviau
waves are mostly decresasing exponentially from the inhomo-
zengous boundary to thte ceater of the cuct. The decreasz is
the steeper the higher {n{. Partial waves have a noticeable
intensity cnly in the neizhborhood of the inhomogeneous duct
boundary. For many possible shapes of the boundary A, is
smaller than Abln

It is emphasized that all partial waves have the same
frequency as the fundamental wave.

Another essential property of the partial waves follows
from equ.(24). According to this equation the phase velccity
of the n-th wave is

u u
0 c .
u, = wB, - 3 nuo/TZ R ok 7T (25)

with U, phase velocity and Ao wavelength of the fundamental
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wave in the duct. The group velocities vgn of all partial

waves are equal to vgc:
v__ - N 1 v (26)
gn Eﬁn7dm EEO7Ew go ° -

Wo see from equ.(25) that for L «s. Ao - this is the case
with most delay lines and alst in our measurements - the amount
of u, is always smaller than U, Because cf the constancy of
the amplitude ratios of all partial waves also a partial wave
can interfere with the electron beam in the travelling wave
tube: the ernergy taken up by this wave is distributed over all
other partizl waves. The advantage of partial wavse amplifica-
tion is the low beam velocity: the disadvantage is the small-
ness and the spatial limitation of the partial waves to the
boundary rezion.

That much was to be said about the propzrties of partial
waves in recting air. This case corresponls in the electro-
magnetlic case to a delay line without electron beam. In the
case of the electromsgnetic delay line the investization of
partial waves would at this point have come to an end. In that
case the propagation on the delay line is nesrly not affected
by the elsctron beam. It might be assumed that ia ¢ur inhomo-
geneous cuct the funlamentzl wave togetlier with all partial
waves is simply superinposed ¢« the flow. Synchronism between
flow and a partial wave would not be possible in that cese.

Treate! in Apperdix III are the partial wave solution
¢f the bouniary valus problem with supsrimposed flew and the
question whather, and if so under which conditions, in the
inhomogeraous duct with superimposed flcw there exists a par-
tial wave with such & phase velcecity L that u, - V. The
resulting coadition says that the flow valezity V = u, is
ziven by equiation (25) with u, and Ac being phase velccity
and wavelenith of the fundamental wave with superimposed flow.
For better warking we write Uy v and lc’v: Leaving the change
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of the phase velocity' caused by ths chanze of the charscte-
ristic rasonator properties dus to flow, out of consideratisr.,
bt writing s:l.mpl:;.r,v.xb.0 + vV (uoco phese velocity of the
fundamental wave in the duct with resting air; then the oon-
dition writes

! . . L .
v &zuogo -1 Vl a-ll-n—-r—-. — ) . (27

This can with certainty be rulfillad. 1t results that alsc L.
streaming air partial waves interacting with the fl¢w are
possible.-

5) Partial wave amplificaticn.

After proving the existence of partial waves, whioch can
interfere with the flow, only the energy exchange mechanisn
remains to be explained. Fcr illustration comparison is nade
with the traveliing wave tube.

Usually the travelling wave tube amplification with ths
fundamental wave and & hocmogeneous delay line 13 explained as
follows: if wave and electron beam are approximately synchro-
nous at the beginning of the common ftravelling path of the
electrons the lattser ars scrted out sc that they are concen-
trated at those parts of the electromagnetic field where the
electrons are subjected to a retarding field. The sortinpgeosut
is combined with a transfer of energy from the wave t¢ the
elactrons. As soon as an electron concentration in proper
phese relation is established the elactrons are moving agains+
the retarding field and by release oI energy from the Kkinetic
energy of the electron beam an electromagnetic field on ths
delay line is induced. This field intensifies the ratarding
field which in turn brings about a better sorting-out of the
electrons ip proper phase relation. The alectron beam is
continually releasing snergy over to the wave field along the
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entire length of their common path, °

Usually the same explanation of the amplification is
used, when the coupling wave is a partial wave on an inhomo-
geneous delay line., This is formally correct and the calcula-
tion of a travelling wave tube accerding to this concepticn
leads to quantitatively corrsct resulis. This implies that
there is a continual enerzgy exchange between partial wave and
5lscrsn Deam over the entire path lengih.

Prom a consideration of the field pattern in a tube with
an inhomogeneous delay lire other conclusions must be drawn.
Thne electrical field strength at the gaps of a comb line is
schematically given in Fig.24 for a wave with the fundamental
wavelength Ro. Longitudinal components suitable for the inter-
action with electrons are almost only present before thase
gaps. In the sacond row of Pig.2% the distribution of lomgitu-
dinal components in a certain plame in front of the delay line
is plotted for an instant tl. The same is repeated in the
third row for a somawhat later finstant te. Obviously the par-
tial waves are interfering join¢ly and with the fundamental
wvave 80 that the lonzitiudiual field component at the walls
tetween the gaps is zZero for every instant.

It is therefore to be expected that the energy exchange
is limited to the space before the gaps, this would also agree
with the conception that the different electron densities
could inducs electric fields only in the capacities of the
gaps.

The condition (25) for synchronism between partial wave
and electron beam may also be deduced from the conceptiom of
local energy exchunge., According to Fig.24 the electron beam
is subject to a twofold periodicity of the boundary conditons:
the time-constant periodicity of the duct boundaries ziven by
the deley line with the period L and the time~dependent perio-
dicity ziven by the field pattern of the wave with the period
A.. By interaction of theses two phenomena the electroms are
not influenced by the wave in the space in fropt of the walls
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between the~gaps. Bnrergy exchange is rendered possible if

a certain pack of electrons is meeting the wave in the slots
always with the same phase relation. Tm the space in front cf
the partition walis the pack can be overtsken by any number
of waves n without being influenced. The running time fvuLi?
of the electrops with ithe velocity V over a length of perlod
L has to be 2qual to the running time tu of the wave with
ath plus & number of n

- R . wn
the phase veloelty u over ths sams [

2o
periods T = 1/f of the wave:

L/V=% =%t + T-=DL/Ma, +0/f. (28)
v ub
Wwhence follows a
v - () Ed un P
- nuo
i+
L

which is the already known copdition.

This deduction is more intuitive; the conception cof
partial waves has a zreater significance. The apparent contra-
diction of these two ways of consideration with respect to the
localisation of the energy exchange reveals the superiority of
the pertial wave conception. It is thereby possible to explain
how the initial elsctron concentracvions are effected. Similar
to the Pourier amalysis of a2 function of time the partial wave
conception is sensseless 1if pathes smaller than the periad
length are considered. And like the Fourler components of a
function o time have a physical meanling only when applied to
a resonance system, the partial wavaes are effective only if
they are synchronously travelling with an influencable system
over a ionger path. A resonator used as probe for overtones
gives an effect only after a bullding-up time. Ardcorrespon-
dingly the slectrons used as indicators for partial wavss can
fully interfere with the partial wave only after a certain

cowinon braveilling paih,
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Wa have discussed the partial wave amplification in the
travelling wave tube in sc much detvail. since here the phano-
mena are much easler to be explained. Now a 4irect application
to our flow duct is wade easy. If in Fig.24 the partition
walls are replaced by the slits of resomators. an approximatae
plcture of the particle velocities in the free duct cross-
section is obvtained. The curves in the second and third row
of this firure now represent the course of the sound rressure
or the longitudinal particle velocity. By repiacing u. by
uo,v ~ Uy ot V in equ.(28) we obtain from the condition that
a certain medium element has to meset the sound wave at the
mouth piece of a rescnator always in the same phase the con-
ditional equation (27). Now it becomes obvious that the con-
ditional egiation (25) for streaming alr with ths curiocus ra-
quirement., that *the partial wave should be resting in the
moving medium. says that under the condit:ons giver by equation
(25) the fluctuation of the boundary due to the oscillaticn of
the zir in vthe necks of the resonators comzs to rest for an
observer moving wvith the ficw. (Consvancy is oabtain:2d for a
moving obtsexrver only if the amplitude ot *he a-ta partizl wavs
is exceeding all cthers: if this is not tvhz case culy & certain
part of the fluctuation is turning constant). If who condition
\25) is discussed {rca the pecint of view thz: th: flcw is
carrying alonz a wave '"resting” in the flow, the real meaning
of this wave is iummediately made clear. it represerts a pulsa-
tion of the [low. that is pseudo sound. Here again the peculia-
rity of cur flow duct becomes obvi:ius. where gulded wave and
beam pulsation coincide spatially and whare both of them are
transmitted by the same medium. Considering the remarks made
in paragraph 2) 2n the zoupling between sound and pseudo
sound at the ressnators and considering further the peculiari-
ties of the {lew duct the applicaticn of the abeve deduction
for the partial wave amplification in traveliing wave tubes
with lccalised energy exchange on the sound amplification is

made clear I the electron concentraticn is interpreted as a
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flcw pulsation.® The occurence of such floew pulsations can alsc
in this case only be explained with tke help of partial wave
excited by the sound field. Representing a statvicnary pressure
‘and velocity pattern in the medium it can only be builtg up
by the.relatively weak sound field on a longer common travel-
linz path. In analogy to the travelling wave tube the medium
density in the retarding phase of the sound pressure of the
coupling wave is incrcased above the mean density.

iith the help of pseudo sound, respresenting according to
Blokhintsev a periodic flew pulsation. sound amplification can
b2 described in analogy to the travelling wave tube. For an
analytical description of the phenomenon the oscillation of the
alr in the resonator necks c¢ould be replaced by surface sour-
ces with %Hime-dependent, mutually phase correlated yield.
Scund pressure could then be calculated in the duct according
to the Kirchhoff's integral generalised for flow.

- e deen e W T D . An e SR L - — . ———

Ncw the measuring results with respect to sound amplifi-
cation obtained with reactive absorbers will be compared with
the above explanation. Jince the experimental investigation
within the scope of this work was limited to acoustical methcds.
only those informations can be used for comparison which were
obtained from measurements of attenuation and phase velocity.
At first the results of the more accurate measurements with
resonators 1llustrated in Fig.ll will be discussed. The results
for the other structures discussed in section A will be giver
in short.

Fig.25 illustrates measurements ¢f the phase velocity in
the duct according to Fig.ll in resting air and with a flow
velocity V = 45 m/sec in sound propagabticn direction (the
measurements were carried out with an apparatus more simple
than that described in Part I: this explains for the scattering

45



of the messuring points). Also entered is the aitenuation
constant a in 4B/m cobtained under the same conditions.From
these phase veloclties of the fundamental wave were calcula=-
ted according to equ.(25) the phase velocities U, and us

of the partial waves with n - +1 and according to equ.(27)

the flow velocity V for which synchronism with these partial
waves is possible. In Fig.26 the curves marked Uy and u_q
were calculated according to equation (25) replacing u, by

the phase veloclty u, 6 in resting alr: The curves marked

V and -V were calculated from the mors accurate equation
(27) also using u, o° For forward propagation both curves

are nearly c01ncid1ng. This is caused by the high values of
Ao/L in our measurements for which equs.(25) and (27) ars
nearly equal, (If the phase velocities of the first partial
waves are calculated according to equ.(25) using u, v the
deviations from the curves V and V are very small) The
difference between -Vr and -u_l becnmes very large according
to these calculations, if Ao,o/4 is approaching the period
lenzth L. In this case a certain medium element is not able

to meet the sound wave at the next resonator in the same phase
relation without meeting a whole sound wave in the interval,
Synchronism is new possible cnly with tue partial wave of the
next higher order.

In Fig.26 pairs of values of frequency and flow velocity
for maximal deattenuation with propagation of the sound in flow
direction (circles) and the corresponding values (triangles)
for sound propagation against the flow direction are entered.
These points respond better to the curves for Uty than to
those for V v For backward propagation this is explained
by the fact that the partial wave with n = =1 is essentially
limited to the immediate neighborhood of the wall. A calcu-
lation for slit resonators reveals that this spatiel limita-
tion is more marked for n = -1 than for n = +1. Another
contribution - predominately effective for forward propags-
tion -~ to this behaviour is given by the fact {12] that for
lines with attenuation in the uncoupled state, i.e. here in
resting air, the maximum of amplification is with rising
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attenuation moving to flow velocities smaller than the phzase
velocity of the coupling wave. Therefore the pointis just
above the resonance, that is in a rangse with high line
attenuation, are noticeably below the curve for syachronism
and approaching this at higher frequencies with decrecasing
attenuation.

The pronmounced reduction of the amplification caused
by the line attenuation, well known from the travelling
wave tube, 1s visible in all measurements. Especially detri-
mentous is the line attenuation for the oscillatory power
of backward wave oscillators. The deattenuation with backward
measurements is effected by such regenerative amplification
mechanism. But 1ts not very distinct behaviour is also evident,
since a certain medium element has a much shorter time of stay
in front of the resonators in the correct phase relation than
with forward propagation.

The wavyness of the sound pressure at the entrance of
the duct found in attenuatior measurements at certain fre-
quencies is in agreement with the theory of the travelling
wave tube., According to this theory four waves exist in the
duct under amplification conditiomns. One of them is propaga-
ting against the flow the other three in flow direction. Cne
of these three waves is smplified and another is attenuated.
Under certain conditions of flow velocity and frequency they
have nearly, but not quite the same phase velocity; this gives
rise to a wavyness of the sound pressure in the ertrance of
the duct. The wavyness is also a consequence of line attenua-~
tion; on dissipation free lines the phase velocities are
accurately the same over the entire amplification range and
the wavyness ig therefore disappearing. Wavyness was mainly
found in the first amplification ranges above tha resonance.

In the following pictures pairs of values of frequency
and flow velocity for maximal deattenuation in forward pro-
pagation are compared with the phase velocity of the first
partial wave for those absorbers from section A, which show
deattenuation.
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In Fig.2? phase velocity and wavelength of the fundamental
wave in a duct according to Fig.28 with resonators with pro-
trﬁding necks are entered. The measurements were made in
resting alr and at a flow velocity V » + 40 m/sec. Itis ob-
vious that the phase velocity in streaming air is not a linear
combination of phase velocity in resting air and flow velocity.
At 1.55 kcps the difference between these two velocities is
only 20 m/sec, althouzh here the resonance shift should pro-
duce a difference greater than 40 m/sec. This is a consequencs
of the influence of the deattenuation on the dispersion.

Fig.28 represents the comparison of points of maximel amplifi-
cation with the partial wave velocity, calculated with U, 40°
The same is illustrated in Fig.29 for the comb lines according
to Figs., 19 and 21. Here the phase velocity u, in equation (23}
wags that measured in resting alr. This may be done since the
superposition of flow has very little effect on the partial
wave velccity. Even in Fig,.30 with the resonators ac¢cording

to Fig.22 with the large flow dependent shift of the resonance
frequency there is not much differerce bastween the phase velc=
cities of the partiazl wave in resting sir and at V « + 55 m/sec
in the frequency range indicated in the figure.

From these figures zscod agreement of flow veloclty and
frequency of maximal desttenuation with the dicpersion curve
¢f the first partlal wave 13 seen. This result is the main
experimental confirmation for the correctness of the concep-
tion of the sound amplification mecharism as it was deduczad
and develeoped atove. Several other detzils found during the
course of the measurements confirm the close relation betwaza
travelling wave tube ard sound amplification. Some of these
details were described above. others were not distinzt enouga
for a discussion in this work or were nct closely examined.

So. feor exzmple. a slight ircreace of the atterustioea Just
above the amplificeticn ranae can be =asxn in the attepuation
curves cf Fizs., 11 and 12. Azcording Yo the disrerstion
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diagram ci the partial wave the partial wave is propagating
fasterethan the flew at the corresponding frequencies above
the amplification range. Like in a linear accelerator energy
is exchanged from the sound wave to the flow

In the same way the attenuaticn maxima for backward pro-
pagasion found in Figs. 16 and 17 Just above the ranges of
regenerative backward wave amplification (not very distinct
here) are to be explained. Fer a correct comparison of these
attenuction increases it has to be kept in mind, that due to
the change of wavelength caused by the flow (as discussed in
Part I1 A 1) the attenuaticn for forward propagation should
be lewer than that for raesting air. and that the attenuaticn
for backward propagatico should be higher than for resting air-

Alsc in the turbulence and amplitude denendence of the
sound amplificaticn similarities to the travelling wave tube
are found. althouzh here the different types of wave zulde
which have several times been menticned before should have
a considerable Influsnce. The sound wave is propagating in
the flcw itself and is therefcre directly influenced by the
turbulence, whereas in the travelling wave tube “turbulence"
¢f the electron beam has a direct influence only on the space
charge waves. In fact, the phenomena in the electron beam of
a travelling wave tube operated at high amplitudes and high
space charge densities clousely resemble a turbulence [18]:
by cvertaking of electrcns in the beam very unregular density
patterns are cccuring along the travelling path:; the tempcral
course of the electron density at a certain point of the
delay line in scme distance from the electron source displays
a great number of overtones; by this "turbulence”™ electron
packs are disintegrated. As soon as more electrons ape trans-
ported into the accelerating phase of the wave by these over-
taking prccesses than into thne retarding phase the siznal
amplitude is reduced and the smplification goes over into
attenuation. This machanism may without further difficulties
be applied to the turbulence sensitivity of the sound

49




<
°

amplification. According to our conception the *sound ampli-
fication is based on the fact that a pulsation in the right
phase relation is bullt up in the flcw, that this phase rela-
tion 'is kept up and that the puls-tion is amplified over the
travelling path. These pulsaticns. being mere flow events,

are by velocity fluctuations in turbulent flow restrained

from keeping up the proper phase relation if not already in
the beginning the establishment of this phase relation was
prevented altogether. The main difference to the travelling
wave tube is that in our case turbulence is to a great extent
independent on the sound wave, wheresas in the travelling wave
tube turdbulence is produced by overtaking effects in the elec-
tron beam produced by high sisznal amplitudes. Better agreement
may be expected with respect to the amplitude dependence of
the amplification. As in the duct also in the travelling wave
tube constant amplification is observed over a wide range cf
lower amplitudes (in [18] this range is given with 20 to 20 d4dB:
comp. Fiz.i3): for increasing amplitudes the amplification is
raplidly decreasing and changing into attenuation under certain
conditions. For the amplitude dependence of the socund ampli-
ficaticn we have to consider that it occurs (acc. to Fig 13,
at thossamplitudes (concluded from an estimation of the sound
pewer input of the duct) for which the Helmnoitz resonatoers
alone become non-linear because of the higa scund levels

in the resonator necks. This 1s underlined by the smel:er amp-
litude dependence of the amplification at higher frequencica:
for constant scund pressure level the ncn-linearity of the
Helmholtz resonators is dec¢reansipng with ir:reasing frejuency
(19).

However, if we discuss turbulence and ampiitude dependence
of the sound agmplification we leave the im#icit conditicn for
our explanation of the asmplification mecharicm. nam2iy the
linearization of the problem, that means szall amplitudss.

50



D. gogclusions. °

- - D WR 3T . *

- Ve have glven an intuitive explanation Tor sound ampli-
flcation as it cceours in spatially intomogeneous flow ducts
coated with reactive absorbers. This explanation given in
close analogy to the amplification mechanism of the travelliag
wave tube permits the interpretation of a number of measuring
results found in relation with the sound amplification and
serves as 8 gulding principle for further investigations.

A quantitative treatment ol a linearized theory would requirs
a calculatory expendivure unusual in acoustical investigationa.
Tt is questionable whether it would lead to better results
thar the qualitative descripticn. A statemesnt concerning the
smount c¢f amplification would be important. It is, however.
felt that this depends to a great extent omn the shape of the
rescnaters and their necks and this very conditicon is not
easily introduced into & mathematical formulation. The

thecry wiii alsoc be uncble to consider turbulence in the

flew and at the resonator necks It isz. however. a matter of
principal importance 1f the results of a quantitetive investi-
gation could be compared with the results raported in this
werk. The sclutiocas indicated for suct treatment in tais work
pronise., after suitable experimental jrvestlgatiocs on ths
{flow at the resonators. a simnle calculation.

The author wants to thark Prof. Ir.Dr.-Ing. e-h. E.Msyer
for his interest in this work and for many helpful discus3sions:
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Fig.4: Curvature of wave frontin frontofporous absorbers
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taken from Fig.5a.

attenuation

Fig.5b: Mean
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Appendix I.

Differantial Equation for the Alternating Component of the
Mpss Flow Depasity Iirn 2 Duct with Variable Boundary.

The flow ¥(z,t) 1¢ seperated into a statlonary fundamen-
tal flow V, and an alternating term V, (z,%) which includes par-
ticle velocity as well as an ﬂvennual flow pulsation. The ¢o-
ordinate depandence of the duct boundary is taken into account
with respect to its inflnance on tha fundamental flow by
sotting up the latter as a function of z. The problem is limi-
ted to a uni-dimensionel flow in z-direction. The conditions
enumerated in the text be imposed. All values are a suam of the
stationary term (index o) and the alternating term (index 1).

The alternating term is proportional to e 4%,

As fundamentszl eguation we useé the equation of force:

ailil=p LI Y

dv a l w4 2B A
.8 avw 1.9y (14)

the equetion of continmuity

Q

o d o
sdiv "'Eg (J « mass flow density) (24)

the adliabatic equation of state in the form

> . ) )
p; =% . 9y (p = pressure) (31

and the definlng equation for the mass flow density

Yo *Po’0 ¢ 1= 81Y% * EoN1 (48}
For the uni-dimensjonal case with the presuppossd time de-
" pendence follows after separation from the equation wvalid for
the stetionary values
gov, + v, S0 4 v, o Lo g dey )
1 o 3z 1 T2 p 3z 1 (54)

[’”jl = altsrnatling terms of first order.

o

(4]

=
~

OL;



AT,

a“,; il ")?J {6A)
From (4A) and (6A) folluws
Q
d Q1 v e Voy . 1 72 2 274 y
V, = «= = ==Y  « =g J 6 ¢y - FO Tl . {7A
SR o © NGs T FR A AU s S I J 33 N
-]

. v ; . JydV,
2 o dV, _ad; V. &dy 1
CEal T _?Laz ¢ o ow &t 0%t Tam (8

whence follews Sogether with {SA).

8791, y.oie (B AV Jo dvg W °
3.2 Too 3 ¢ e300 ¢ (23 - )
Z 4] o o2
o
Jd
. )
~ Jw w3 (2 320 (94)

From a develcpment of the rizint side of thils equation follews
2

v Y 1 Vv °
pLep - e oopy o, % 3JL dpo (104)
e fe 1T J] 3w 2 &  dr >
e Juwd"e
G
Here R °
¢ 2 .2
Pl < OJ‘\, Jl 71
RN . F114)
EZ TW v«
R 35
according ©o equebion {(3A)} apa [6p) anld asszerilnp-to She
ecuation cf foree for shabiorery i 2rme ° o
dn, © .. ar °
R N A . (124)
Q

[}

[+



°(104) is now written

2
1 3p, v.e? 1 Wo 21
SR TR T P QYo 8e (134)
) o

Substituting this into equ.(YA) and intrrducing the khach
number‘y(z) - Vo(z)/c and the wave number k - w/¢ recults in

a2y 1 aM., ¢J 1 ,.2 aM. i
[%;ﬁl - ;:ﬁz {(JkM + MEE) 551 * ;:EECK - 23k§5)'J1 w G (144)

If we assume M4« l, we obtain the differential equation given
in the text:

2

The alternating pressure 23 is related to the alternating
flow density Jl by

Appendix II.

Partial Waves in Restipe Air.

The inhomogeneous duct be extending in z~-direction. Also
the sound weve shall propagate in this direction. F be a sound
field value responding to the wave equetion

2
EF v (b ¥ weo (1B)
2
with k = w/e (¢ velocity of sound) and n;tr the Laplacian
operator of the plane normal to the z-axis.

P

In the homogeneous duct the set-up is made [3] @

DygF = - 2F.
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(4]

with constant €. Jhen introducing the z-dependent boundary
conditions into the general solution of the separated wave
equation we come to the condition that € twz-dependent. Instead
of {(2B) with constant & we set up

'&":rF = - ng) @ Fo (BB)

where H{z) is a periodic function of z with the length of
pericd L. Whence follews the differential equation

%&3 ¢ (K2 = H(2))F = 0 . (4B)
Z

This is a Hill's differential equation with the psriedic
coefficient H(z), which has according to the theorem of
Flogquet a sclution of the form

pagival
~ L3 ° GJB 2 52 JJB »2» o ] ‘BJ Z )
¥ "Sn oAn(xg.y) e ¥ 'n e Y% fﬁ An(x,;;y) e v I . {5B)

The summands represent the partial waves; An(xcy) are their
amplitudes {complex and depending on the transverse coordinates)
Bn with

anB°+§§§ o (6B)
are their phase constants (for°dissipation—lrea propagation:
otherwise Bn are the propagation constants), Bfj is the phase
constant of the fundamental wave., The summatiocn index n runs
from -~ o@to + . ° 2

Only the totality of the partial waves 1s avie to satisfy
the boundary conditioms. On the other hand the mutual ratics
of the partial wave amplitudes sad of the fundamental wave
amplitude are only given by the geometry and the toundary
conditions of the duct. Thls is proved by intpcducing the
solution (5B) into the differential equation (4B), whence

1s obtained
86




2Ra
LD A, * (k- fl)AnJce"é‘ﬁ” % . 0. (7B)

[+]

These sums form an orthogonal system in O = 2z % L. because of

L 2n(n—m; rL-for o ~m
f oI 2y, (8B)
]

o]
{ O forn 4Anm

The mrmendsmust therefore disappear seperavely. That gives us
the foliowing differentiesl aquation for the amplitudse distri-
bution of the partiasl waves over the cross-section of the duct

O

thrAn(xgy) + (k2 - Bg)An(xﬁy) = 0 . {

The mutuzl amplitude ratlos of the partiel waves are constant
aver the entire length of the duct. Iif the boundary conditions
are constant. o
From (6B) follews for the phase velocity of the n-th
partial weve
u u
4, w/Bn . guo/fr - I+ng{/ﬁ ?

~
it
[ )
&t
)

with u, the phase velocity and Ao the wavelength of the fun-
damental wave in the duct. For tho group velcclty vgn wa
obtain

el

3 1 _
Vgo ~ TB 746 * 36,735 ~ Vgo (11B)

1 -

The c¢nergy is tramsported by the Lotality of tThe pasrtial

87




Appendix II1

Partial Wavea in Air Flow.

Our problem is: is there in iahomogensous ducts a partial
wave wlth phase velocity u, as a solution of the wave eqguation
in flow with the flow velocity V so that

u, o A (1c)

The wave equation in friction-free; uni-dimensionsl flow
without vortices with the adiabatic equation of state of air
is o

(&~ (/e®)a/de 7 v.8/321%) F = 0 (2c)

if the flecw velocity is large compared to the alteruabting
ralocities [11]. This equation can be transformed into the
usual equation by a Galilean transformation

-

X - .

7

}7 -
Z(E?’t\:) -
I -

(3C;

D 8D s
-
<4
30

Thie traznsformation has the disadvantage that; becauss of

h; w /0% + vGV/aZ HRo]
a a«' NI -4 fa.c

& harmonic analysis is impossible 1n the new coordinates and
that, because of °

3% « dz - V = 4% (5C)

the length of period T becumss uvime dependent. Therefore sub-
sequently a Lorentz transformatlion is applied to the trans-
formed coordinates %2 and £, The wave equation is irvariant to

the Lorentz tronsformation and altogether we havs

°
b
]

1]

X

=y

C o ouce 5
e (L)oo (V/eS)ez

woe1h - M Mo Ve .
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B/Gt' - ned/ /3t (7C)
2
3/0z' = (1/u)°0/0z - (V/c“)-3/0%
and
dg' = udz 2 (8C)
dt' = (1/u)-dt + (Vfg Yedz

and the wave equuation writes

3’

o RE S (l/cé)s—;% “ 0 (9¢)
gt e []

Here F' = P' (x,y,2',t') is the field value in the transformed
coordinates.zktr remains unchanged because of the invariance of
x°and y. If F iz 2 hormonic functlon of the time, than alsoc

F' ie according to equ.(7C) a harmonic function of the time.
With the radian frequency w' sund the wave number k' = w'/s
equation (9C) is written in the transformed coordinate aystem

24
Q°F + (&

2\;' 4
o gp * K'SIF @ O (196G)

This is ths szame equatlom as (1B) in Appendix II. We can hers
repeat the set-up (2B):

A F = - B (2')F (11¢)

since according to (8C) the boundary values are only func-
tions of z'. Therefore H' i8 a periodic function of z' with
the length of period L' and acsording to equ.(8C) L' = uL.
Thie mesns that #¢ can apply the consideraticns about tbs
equations (4B) to (9B) of Appendix II directly on the corres-
ponding primed values in the transformed coordinate sysiem.

Returning to our initial problem we have to examine
whothex ua = V' is possible. For this purpose ws have to
2xpross wf, Bé and L' in

1 wﬂ e
u Wi nr—r—pe—— \_‘_‘l‘;}
o 18018

By + 5
8y



and also V' in the transformed coordinate system by the cor-

responding values w, 8 L, and V, which are open for measure-

c‘
ment .
Applied on F'(z', t*) we obtain
3/3z' = - JB° and /3t =« Juw'
and applied on F{z, t) we have
8/0z « - B and 3/0t = juw
According to the rules of calculatiion for the introduc-
tion of new coordinates followa

B' =« B/u + mV/c2 and W' = W . (13C)

With (13C) and L' = uL equation (12C) writes

2
u' = 1 _Un (14C)
0 u v au

1 + w25 + FFO
e

and from (BC) follows

2
V' = dz'/dt' = V —tesg (15C)
1l o+ pM”

g0 that ths condition uﬁ = V' is equivalent to

Vo Zo >
1+ néz

1uis is again the well known condition for synchronism
botween flow and partial wmave. For u, and Ac the values with
superimposed fiow have to be taken.

_ According to (16C) the partial wave, which with superim-
posed flow i3 defined only in the transformed coordinate system
by equation (5B) in Appendix II, is propagating with the veloci.-
ty of flow, if the csme was true for a partisl wave according
to the calculation with resting alr as far as the vasluse changed
by the flow are introduced for u, and kon By proper dimensioning
equation (16C) cen certainly be satisfied.

(16C)

Q0
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